Nonalcoholic fatty liver disease (NAFLD) affects up to 30% of adults and is the most common liver disease in Western nations. NAFLD is associated with central adiposity, insulin resistance, type 2 diabetes mellitus, hyperlipidemia, and cardiovascular disease. It encompasses the entire spectrum of fatty liver diseases from simple steatosis to nonalcoholic steatohepatitis (NASH) with lobular/portal inflammation, hepatocellular necrosis, and fibrosis. Of those who develop NASH, 15-25% will progress to end stage liver disease and hepatocellular carcinoma over 10-20 years. Its pathogenesis is complex, and involves a state of lipid accumulation due to increased uptake of free fatty acids into the liver, impaired fatty acid beta oxidation, and increased incidence of de novo lipogenesis. Plasma aminotransferases and liver ultrasound are helpful in the diagnosis of NAFLD/NASH, but a liver biopsy is often required for definitive diagnosis. Many new plasma biomarkers and imaging techniques are now available that should improve the ability to diagnose NAFLD noninvasively Due to its complexity and extrahepatic complications, treatment of NAFLD requires a multidisciplinary approach with excellent preventative care, management, and treatment. This review will evaluate our current understanding of NAFLD, with a focus on existing therapeutic approaches and potential pharmacological developments.
Introduction
Nonalcoholic fatty liver disease (NAFLD) represents a spectrum of disorders defined by the accumulation of fat in the liver. This spectrum ranges from simple steatosis to lobular inflammation with variable degrees of fibrosis leading to cirrhosis and even hepatocellular carcinoma (HCC) [1] . It is strongly associated with the metabolic syndrome and is the leading cause of chronic liver disease worldwide, with a prevalence of 15%-30% in Western populations [2, 3] . The prevalence increases to 58% in overweight individuals and can be as high as 90% in obese individuals [4, 5] . NAFLD was historically thought to be of little importance, but recent advances have shown that NAFLD can progress to nonalcoholic steatohepatitis (NASH) in up to 25% of patients [1, 6] . NASH resembles alcoholic steatohepatitis (ASH) but occurs in individuals who do not consume excessive amounts of alcohol. Cirrhosis, which occurs in 25% of patients with NASH, can result in liver failure, portal hypertension, and hepatocellular carcinoma [7] . However, the majority of deaths among individuals with NAFLD are attributed to cardiovascular disease and malignancy [8, 9] . Unsurprisingly, these observations have fueled concern that NAFLD, either independently or in combination with other metabolic risk factors, could be an important risk factor for extrahepatic diseases. In this review, we will analyze the current theories for pathogenesis, accurate diagnosis, and management, including both current and novel treatments.
Pathogenesis
The initial theories for the pathogenesis of NAFLD were based on a "2-hit hypothesis"; however, this has now been expanded to a "3-hit hypothesis. " The "1st hit" consisted of hepatic triglyceride accumulation that increases susceptibility of the liver to injury mediated by "2nd hit, " such as proinflammatory cytokines (i.e., tumor necrosis factor 2 Advances in Hepatology alpha (TNF-) and interleukin-6 (IL-6)), adipokines, mitochondrial dysfunction, and oxidative stress, which in turn lead to steatohepatitis and/or fibrosis [10, 11] . However, there is increasing recognition of the role that free fatty acids (FFA) play in directly promoting liver injury, leading to a modification of this theory. Universally, patients with NAFLD have insulin resistance (IR) which increases lipolysis from the adipose tissue [12] . In obesity and insulin resistance there is an increased delivery of FFA to the liver. These FFA either undergo lipid peroxidation or are esterified with glycerol to form triglycerides, leading to hepatic fat accumulation. There is now substantial evidence that FFA can directly cause toxicity by increasing oxidative stress and by activation of inflammatory pathways; therefore, hepatic triglyceride accumulation may be a protective mechanism by preventing the toxic effects of unesterified FFA [13, 14] . In the healthy liver, cell death stimulates replication of mature hepatocytes, which replace the dead cells and reconstitute normal tissue function. However, in chronic liver injury, the development of fibrosis/cirrhosis is dependent on the efficacy of hepatocyte regeneration, and therefore cell death with impaired proliferation of hepatocyte progenitor cells represents the proposed "3rd hit" in NAFLD pathogenesis [15] . Diet is an important contributor to NAFLD mainly because excessive energy intake leads to obesity, which in turn increases the risk for NAFLD. However, not only the amount of energy but also the quality of the diet could play an important role in the development and progression of NAFLD. Diets rich in saturated fat and cholesterol and low in polyunsaturated fat and fiber are associated with IR and hepatic inflammation [16] . More recent evidence has linked intestinal microbiota to NAFLD pathogenesis. One study suggested an association between low percentage of fecal bacteroidetes and the presence of NASH, independent of diet and body mass index (BMI) [17] . Intestinal microbiota can be altered by the type of diet consumed and may contribute to NAFLD through several mechanisms, including salvaging energy from food, contributing to inflammation via cytokines by increasing intestinal permeability leading to endotoxemia, modulating the innate immune system, regulating bile acid, metabolizing dietary choline, and increasing endogenous ethanol by bacteria [17, 18] .
Staging of NAFLD
NAFLD affects a substantial proportion of the population worldwide; however few patients who have the condition develop liver-related complications. Predicting which patients will develop progressive disease is problematic. To avoid the need for repeated liver biopsy to assess for NASH, recent advances have demonstrated newer noninvasive techniques that may be used to diagnose the amount of inflammation and fibrosis (see also Table 1 ).
Laboratory Variables. Cytokeratin (CK)
18 is the serum marker of NASH that has been the most validated marker to date. CK-18 fragments come from apoptosis of hepatocytes degraded by the enzyme caspase 3 [19, 20] . CK-18 fragments can be investigated in liver tissue using immunostaining or measured in plasma using monoclonal antibodies. Studies suggest plasma CK-18 levels may help in distinguishing between simple steatosis from NASH, but the test is far from perfect with low overall sensitivity and specificity [19, 20] .
To increase the accuracy of noninvasive markers of liver fibrosis, multiple markers and patient characteristics have been combined into mathematic models to produce predictive scores. The FibroTest is one algorithm, consisting of a combination of age, gender, bilirubin, g-glutamyltransferase, apolipoprotein A1, haptoglobin, and a2-macroglobulin. It has been validated in a variety of chronic liver diseases [21] . In studies, high scores have a very accurate predictive value for the presence of bridging fibrosis or cirrhosis but were unable to predict severity of liver fibrosis in one-third of patients with NAFLD [21] . Additional similar panels are available from different lab companies [22] .
Imaging Assessment.
Conventional ultrasound, CT, and MRI can noninvasively detect hepatic steatosis and have a sufficient level of accuracy in detecting cirrhosis with portal hypertension. However, they are far less reliable at detecting NASH and the associated stages of fibrosis. New imaging technologies, such as the ultrasonography-based transient elastography (FibroScan, Echosens, Paris, France) and magnetic resonance elastography (MRE), offer promise in determining severity of liver fibrosis associated with NASH. FibroScan, also known as transient elastography (TE), measures liver stiffness-a property originally validated for the hepatitis C population-but is now being used in patients with NAFLD also [22] [23] [24] . TE sends a pulse through the skin, which is circulated through the liver. The velocity of the wave correlates with liver stiffness-the stiffer the liver the greater the degree of fibrosis. Yoneda et al. investigated the usefulness of the TE in NAFLD patients [22] . They found that there is a significant correlation between liver stiffness and fibrosis stage, which was confirmed by liver biopsy. Therefore, this measurement can be used in the NAFLD population to estimate the stage of fibrosis. Special consideration is needed for overweight and obese patients. Studies have shown that obesity (BMI > 30 kg/m
2 ) provides inaccurate LSMs. The use of a FibroScan XL probe has been shown to provide reliable liver stiffness measurement [25, 26] in this population.
In contrast to TE, MRE estimates the average degree of liver fibrosis throughout most of the liver parenchyma by assessing the propagation of mechanical waves through the tissue. First, shear waves are generated in the liver tissue by a driver attached to the abdominal wall. Magnetic resonance images are then obtained depicting the propagated shear waves, and finally, images of the shear waves are analyzed and used to generate quantitative maps of tissue stiffness, referred to as elastograms [27] . As the entire liver can be sequenced, the area of sampling is greatly increased, and the heterogeneous distribution of fibrosis is more commonly appreciated [28, 29] Studies thus far have shown that technical success rate of MRE was significantly higher than that of TE (94% versus 84%) [30] . Rather intriguing are the recent findings showing that MRE is useful in helping to identify patients with steatohepatitis, even prior to the onset of fibrosis [28] . In a retrospective study of 58 NAFLD patients, hepatic stiffness had high accuracy in discriminating patients with NASH from those with simple steatosis (AUROC = 0.93, sensitivity 94%, and specificity 73% by using a threshold of 2.74 kPa). NAFLD patients with inflammation (NASH) but no fibrosis have greater liver stiffness than those with simple steatosis and lower mean stiffness than those with fibrosis [28] . Despite these encouraging results, there are still issues of concern with MRE techniques. These include the increased acquisition time of scanning, the costs of the equipment, the expertise in analysis, body size limitations to fit in the scanner, and standardized thresholds of measurement.
The ultimate decision regarding whom and when to perform a liver biopsy should take into account whether the information likely to be obtained would affect the patient's care. There are 2 general indications for performing a liver biopsy in patients with suspected NAFLD: (1) confirming the diagnosis and staging the disease and (2) determining prognosis based on the severity of liver injury and fibrosis [31] . Liver biopsy is the only modality that can reliably distinguish between simple steatosis and NASH, as well as stage the extent of fibrosis. The prognosis of NAFLD depends on the severity of liver injury and fibrosis. While most studies suggest that there is no increased mortality associated with simple hepatic steatosis, mortality in patients with NASH, particularly those with advanced fibrosis and cirrhosis, is increased compared to the general population of same age and gender patients. The highest liver-related morbidity and mortality are undoubtedly among those patients with advanced (stage 3 or 4) fibrosis [32] [33] [34] . Additionally, the identification of early cirrhosis or advanced (bridging) fibrosis may alter management, as such patients should undergo upper endoscopy to screen for gastroesophageal varices and regular interval liver imaging to screen for hepatocellular carcinoma [34] .
Treatment and Management of NAFLD
The goal of managing NAFLD is to improve steatosis and prevent fibrosis. No standard treatment currently exists; however, treating risk factors, such as obesity and IR, remains the focus of managing NAFLD.
Lifestyle Interventions.
The primary approach to treat NAFLD involves elimination of the underlying risk factors. It has been shown that community-based lifestyle modification programs are effective in reducing and normalizing liver fat in NAFLD patients [35] . Maintaining a weight loss of 5-10% significantly improves histological severity, but frequently occurring subsequent weight gain leads to the recurrence of NASH [36, 37] . Even moderate physical exercise, such as treadmill walking, improves markers of apoptosis and insulin sensitivity in NAFLD [38] . The dietary composition is also of great importance. A 2% increment in energy intake from trans fats resulted in a 0.77 cm waist gain over 9 years, and reduction of harmful trans fats improved histological features in a mouse model despite persistent obesity [39, 40] .
Bariatric Surgery.
Lifestyle interventions, particularly weight loss, are often very difficult for patients to achieve and sustain. Bariatric surgery induces weight loss by reducing the size of a patient's stomach by either removing a portion of the stomach, using a gastric band, or by gastric bypass, and is considered in patients who have a BMI greater than 40 kg/m 2 or with a BMI of 35 kg/m 2 who have obesity-related comorbidities [41] . Small prospective studies have found that bariatric surgery improved insulin resistance and liver function tests and has demonstrated histological improvement in hepatic steatosis and fibrosis [42, 43] . However, a recent Cochrane review concluded that there is insufficient data due to a lack of well-designed randomized control study trials to determine if bariatric surgery is an effective treatment for NAFLD [44] . At this point, the usefulness of bariatric surgery as a treatment for NAFLD, particularly for inflammation and fibrosis, is not clear and patients need to be carefully selected to undergo the procedure.
Medical Treatment.
Despite an increasing understanding of the mechanisms of NAFLD pathogenesis, there are few effective therapies available. Current treatments are primarily directed towards improving the metabolic factors which contribute to disease pathogenesis, such as reducing IR, improving diabetic control, and weight loss. The urgent need for specific treatments for NAFLD has made this a critical area of research, with particular focus on developing treatments which can reverse or prevent the more advanced stages of NASH.
Current Therapies.
Due to the key role IR plays in the pathogenesis of NAFLD, insulin sensitizing agents have played an important role in its management, with metformin and thiazolidinediones (TZD) being of particular interest. Metformin is used in the treatment of type 2 diabetes, as it lowers blood glucose and improves insulin sensitivity by decreasing hepatic gluconeogenesis, decreasing intestinal glucose absorption, and increasing fatty acid oxidation [45, 46] . Clinical studies have investigated the use of metformin in the treatment of NAFLD, specifically looking at liver histology and aminotransferases. A pilot study to investigate the efficiency and safety of metformin in NAFLD patients by Nair et al. showed only a transient improvement in liver tests without a sustainable reduction in insulin sensitivity [47] . Additional studies have also failed to prove benefits of using metformin to improve liver histology [48, 49] . TZD are peroxisomal proliferator activated receptor-(PPAR-) agonists that are used primarily in the type 2 diabetes population to help improve insulin sensitivity, promote hepatic fatty acid oxidation, and decrease hepatic lipogenesis [50, 51] . TZD use in NAFLD patients, specifically pioglitazone and rosiglitazone, has been shown to decrease hepatic fat and decrease cellular injury. Unfortunately, these medications have also been shown to cause weight gain, which is troublesome in an already obese patient [52] . Belfort et al. studied the effects of lifestyle modification and 45 mg of pioglitazone per day on 55 NASH patients with impaired glucose tolerance or type 2 diabetes [53] . The results indicated that diet and pioglitazone improved glycemic control and glucose tolerance, improved liver enzymes, and increased hepatic sensitivity. Conversely, another study found that discontinuing TZD therapy resulted in NASH recurrence, indicating that long-term use is necessary for successful treatment [54] . Overall, pioglitazone can be effective as a treatment for NASH; however, careful consideration is needed due to its possible side effects [55, 56] .
Vitamin E is the main antioxidant that has emerged as a treatment for NASH with the hope that it can help improve oxidative stress in the liver. Several studies have been conducted to further analyze the benefits of administering high doses of vitamin E to NASH patients. One of the larger studies administered high doses of vitamin E (800 IU/day) in nondiabetic patients and found a reduction in hepatocellular inflammation, hepatic steatosis, and improvements in liver function tests. They concluded that vitamin E is an effective treatment for NASH patients without diabetes [56] . Unfortunately, a meta-analysis of over 100,000 people taking 400 IU/d of vitamin E found that there is an increase of all-cause mortality and an additional study found that its supplementation significantly increases the risk of developing prostate cancer [57, 58] . Overall, caution needs to be taken when prescribing vitamin E, especially to males and diabetic NASH patients.
Emerging Therapies
Inhibitors of Inflammation. The severity of NASH and the risk of progression correlate with the level of hepatocyte injury which often includes apoptosis and its associated inflammation. Apoptosis involves cell death signaling pathways, which lead to the activation of caspases, cellular proteases that degrade structural proteins required for the cell survival [59] . Inhibition of caspases has been proposed as a therapeutic approach in inflammation-associated disease [60] . In a double-blind, randomized phase II study of 124 patients with NASH, GS-9450, an inhibitor of caspases 1, 8, and 9, reduced serum ALT and cytokeratin-18 fragments at 4 weeks of treatment [61] . However, the compound was later withdrawn due to safety concerns. Despite this, decreasing the inflammatory response associated with apoptosis in active NASH remains an attractive target to reduce fibrosis and prevent disease progression.
Glucagon-Like Peptide-1 (Glp-1). Glp-1 is an incretin which is released from enterocytes in response to nutrient uptake. Glp-1 regulates postprandial insulin release, inhibits glycolytic glucagon, and suppresses appetite [62] . While indirect and direct Glp-1 agonists have been introduced in the treatment of diabetes, their potential in NASH is less clear. Directacting Glp-1 agonists, exenatide and liraglutide, have shown some therapeutic efficacy in NASH. Liraglutide corrected impaired fatty acid beta-oxidation in a rodent model with high dietary trans fats and fructose-enriched drinking water [63] . In a high-fat model using wild-type C57Bl6 and ob/ob mice, an exenatide analogue attenuated weight gain and mitigated elevations of ALT and hepatic triglycerides [64] . Exenatide also reduces ER stress-related hepatocyte cell death and increased protective macroautophagy in response to treatment with saturated and unsaturated fatty acids [65] . Thus, enhancement of incretin signaling showed modest to considerable improvements in vitro and in animal models of NASH. Since these drugs have shown safety in patients with type 2 diabetes, clinical studies in patents with NAFLD are warranted.
Farnesoid X Receptor (FXR) Agonists. Bile acids (BAs), classically recognized as detergent-like compounds involved in lipid absorption and cholesterol homeostasis, have more recently been shown to modulate several metabolic pathways that regulate glucose, lipid, and energy homeostasis by targeting FXR [58] [59] [60] [61] [62] [63] [64] [65] [66] . In addition, FXRs mediate anti-inflammatory and antifibrotic properties, making them promising targets for the treatment of a number of metabolic and liver diseases [67, 68] . FXR, a member of the nuclear receptor superfamily, is mainly expressed in liver, intestine, kidney, and, to a lesser extent, adipose tissue. It regulates a wide variety of target genes involved in the control of BAs synthesis and transport, lipid metabolism, and glucose homeostasis [69] . In particular, FXR controls glucose metabolism through regulation of hepatic gluconeogenesis and glycogenolysis, as well as regulation of peripheral insulin sensitivity in striated muscle and adipose tissue. Currently, obeticholic acid (OCA), a semisynthetic bile acid derivative, is being tested in patients with biopsy-proven NASH [70, 71] . From preliminary data, OCA appears to be a very promising possible treatment for NASH.
Probiotics. As discussed earlier in this review, the effect of a pr-inflammatory intestinal microbiome has been thought to Advances in Hepatology 5 be a contributor to the formation of NAFLD and NASH. In an open-label pilot study in 20 patients with biopsy-proven NASH, supplementation of a probiotic containing lactobacilli and bifidobacteria over a 6-month period improved hepatic steatosis, as determined by MRI and serum transaminases [72] . Together with the human randomized controlled study on fecal transplantation of a healthy microbiota in patients with insulin resistance, these recent reports support the role of microbiota in the pathogenesis of insulin resistance and NASH, partly by reducing bacterial inflammatory triggers and nutrient modification [73] . It also hints to a role of prebiotics, which are nutrients that favor the growth of certain bacterial species, which may play a supportive role in the treatment of obesity and NASH [74] . Despite favorable results in these early studies, there is a need for larger longitudinal clinical trials to be able to determine the optimal dose, duration, and probiotic composition.
Conclusion
NAFLD is global challenge to our healthcare system and has put a large part of the world's population at risk of developing NASH, cirrhosis, and liver cancer. Although we have an improved understanding of its epidemiology and pathogenesis, guidelines for treatment are changing as new information emerges. The development of noninvasive measures to assess inflammation and fibrosis are becoming more commonly used in practice but have not fully replaced the need for liver biopsy in many cases. Addressing the risk factors associated with NAFLD, such as IR, obesity and lipid levels remain the primary way to improve NAFLD; however, bariatric surgery, insulin sensitizing agents, and antioxidants may also be considered. Currently, pharmacological interventions aiming to improve insulin sensitivity without producing side effects, such as peripheral weight gain, and to reduce hepatocellular injury by reducing lipotoxicity are being developed.
